Pulse Inversion Techniques in Ultrasonic Nonlinear Imaging  by Shen, Che-Chou et al.
J Med Ultrasound 005 • Vol 13 • No 12 3
Pulse Inversion Techniques in Ultrasonic
Nonlinear Imaging
Che-Chou Shen*, Yi-Hong Chou1,2, Pai-Chi Li3
Pulse inversion (PI) technique plays an important role in ultrasonic nonlinear imaging.
For tissue imaging, PI technique provides suppression of spectral leakage and, thus,
produces better image contrast. For contrast imaging, contrast between the agents and
surrounding tissues are also enhanced with this technique by distinguishing nonlinear
microbubbles from the background in either Doppler domain or radiofrequency domain.
This paper reviews the theoretical backgrounds and relevant issues of the PI technique.
Improvements in image contrast with the PI technique in both tissue harmonic imaging
and contrast harmonic imaging are discussed in detail. In addition, potential motion
artifacts and related contrast degradation are also included.
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inversion, ultrasonic contrast agents
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Introduction
Ultrasonic nonlinear imaging has demonstrated that
it can provide superior image quality compared to
conventional linear imaging, and it has become an
important diagnostic tool in many clinical applica-
tions [1–5]. Nonlinear imaging differs from linear
imaging in the mechanism of signal generation. In
linear imaging, echoes linearly backscattered in
the fundamental frequency band are used for im-
aging. In nonlinear imaging, however, generation
of nonlinear echoes depends on the nonlinear pro-
perties of the imaged target and the propagation
medium. In clinical applications, two sources con-
tribute to nonlinear echoes: human tissues and
ultrasound contrast agents (UCAs), which are usual-
ly introduced into the vascular beds via intravenous
administration.
Nonlinear tissue signals are generated when the
acoustic wave propagates in human tissues. Note
that the acoustic velocity increases with the instan-
taneous pressure and the nonlinear characteristic
of propagation tissue [6–10]. As a result of pressure-
dependent velocity, the high-pressure crest pro-
pagates faster than the low-pressure trough when
the original transmit signal is propagating in a non-
linear tissue. Over a distance of propagation, this
leads to the progressive steepening of the ultra-
sound waveform. This process is referred to as finite
amplitude distortion, which is characterized by the
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generation of harmonic signals whose frequencies
are at multiples of the original transmit frequency.
The acoustic waveforms before and after the dis-
tortion are demonstrated in Fig. 1A and Fig. 1B,
respectively. The corresponding spectra are shown
in Fig. 2. Since the tissue harmonic signal is gen-
erated gradually throughout the propagation path,
the harmonic signal is usually weak in the near
field. Though the weak intensity causes difficulties
in imaging the superficial structures, the reverber-
ations from the near-field anatomy are reduced in
tissue harmonic imaging.
For UCAs, the mechanism of nonlinear signal
generation is completely different. UCAs are mostly
comprised of microbubbles encapsulated by pro-
tective shells. To improve the stability of micro-
bubble contrast agents, gases with high molecular
weights, such as sulfur hexafluoride and perfluo-
ropropane, are usually used as the gas core. When
UCAs are injected into the blood pool, the micro-
bubbles produce strong backscattered signals due
to the acoustic-impedance mismatch between blood
and air [11,12]. Therefore, UCAs are capable of en-
hancing both grayscale images and Doppler signals.
One example of Doppler enhancement is demon-
strated in Fig. 3. In addition, the microbubbles exhi-
bit significant nonlinear oscillations when the im-
pinging sound wave is near the resonance frequency
of the bubbles [13]. Nonlinear responses from
UCAs include harmonic and subharmonic genera-
tions [14,15]. An example of contrast harmonic im-
aging to evaluate a focal hepatic lesion is illustrated
in Fig. 4. UCAs can be altered by exposure to in-
tense insonification. The changes include reshaping,
resizing and destruction of the bubbles [16]. UCAs
may also be displaced by the acoustic radiation
force [17]. Clinically, UCAs can be utilized to en-
hance the contrast between normal and diseased
tissues, and may help to outline vessels and cardiac
chambers. It can be seen in Fig. 5 that the border
between the cardiac chamber and the myocardium
is much better defined when intravenous adminis-
tration of UCAs is applied.
Though the image contrast in nonlinear imaging
is improved compared to its linear counterpart by
using the nonlinear properties of either the native
tissue or UCAs, the performance of nonlinear im-
aging is still limited. For example, the nonlinearity
of the imaging system itself may degrade the im-
age contrast [18]. It has also been shown that the
Fig. 1. Simulated acoustic waveforms. (A) Waveform
at the transducer’s surface (i.e. before finite amplitude
distortion). (B) Waveform at the focal point (i.e. after finite
amplitude distortion).
Fig. 2. Simulated spectra of the waveforms before and
after finite amplitude distortion. The dashed line represents
the spectrum of the waveform in Fig. 1A and the solid line
represents the spectrum of the waveform in Fig. 1B.
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signal-to-noise ratio in tissue harmonic imaging is
sometimes insufficient, especially in the near-field
[19]. The pulse inversion (PI) technique is one of
the most promising methods for improving the
performance of nonlinear imaging. This paper sum-
marizes theoretical backgrounds of the PI technique
and reviews relevant issues in PI-based ultrasonic
nonlinear imaging. Introductions to the PI technique
in the radiofrequency (RF) domain and Doppler
domain are first provided. Applications of the PI
technique in both tissue harmonic imaging and
contrast imaging are also introduced, and the ef-
ficacy on contrast improvement is demonstrated. In
addition, potential contrast degradation resulting
from the main limitation of the PI technique, motion
artifacts, are also discussed.
Pulse Inversion Technique
In nonlinear imaging, the PI technique provides im-
proved image quality and enhanced diagnostic
capabilities by reducing potential interference from
the linearly propagated acoustic signal. Note that
the nonlinear signals from either tissue or UCAs
usually appear at the harmonic bands (i.e. multi-
Fig. 3. Application of microbubble ultrasonic contrast agent (Levovist®) in the color Doppler ultrasound evaluation of a
small hepatic tumor (1.4 cm) (arrows). (A) Conventional color Doppler ultrasound (CDU) demonstrates only minimal color
flow signals (arrowhead) in the peripheral region of the nodule. (B) CDU study 16 seconds after intravenous injection of
contrast agent: a supplying artery is clearly delineated (arrowheads) to reach the tumor margin. (C) CDU study 22 seconds
after contrast administration. (D) CDU study 34 seconds after contrast administration: pronounced color flow signals in
the tumor are demonstrated, indicating a hypervascular tumor, confirmed histologically to be hepatocellular carcinoma.
  A B
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Fig. 4. Contrast-enhanced harmonic ultrasonography using the pulse inversion technique in the evaluation of a focal
hepatic lesion. (A) Grayscale ultrasonography demonstrates a focal hyperechoic lesion in the right lobe of the liver (arrows).
(B) Early arterial phase (18 seconds after contrast administration) depicts tumor vessels in the lesion (arrows). (C) Late
arterial phase (35 seconds after contrast administration) shows both intralesional tumor vessels and tumor stain (arrows).
(D) Parenchymal phase (45 seconds after contrast administration) shows that the lesion is homogeneously enhanced (arrows),
similar to the liver parenchyma. The lesion was confirmed histologically to be focal nodular hyperplasia.
  A B
   C D
  A B
Fig. 5. Ultrasound images of the left cardiac chambers (from www.acuson.com). (A) Before contrast agent entered the
left cardiac chambers. (B) After contrast agent entered the left cardiac chambers: the arterial and ventricular lumens are
well enhanced and the border of the ventricular myocardium is very well delineated.
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ples of the transmit frequency). Thus, they are often
referred to as harmonic signals. Conventionally,
harmonic signals are extracted from the received
echo by filtering [20–22]. Although filtering can
be efficiently implemented, it suffers from potential
contrast degradation resulting from spectral leak-
age. In other words, non-negligible harmonic com-
ponents may have been present at the surface of
the transducer prior to propagation if the transmit
bandwidth is large or the ultrasound system itself
is nonlinear. Such a leakage signal propagates lin-
early and interferes with the nonlinearly-generated
harmonic signal. The leakage signal cannot be fil-
tered out from its nonlinear counterpart because of
the spectral overlap of the two signals.
Instead of conventional filtering, the PI tech-
nique is an alternative method to extract the har-
monic signals. Based on how the received echoes
are processed, the PI technique can be divided into
two categories: the PI technique that applies to the
Doppler frequency domain and the PI technique
that extracts nonlinear signals in the RF domain.
In this paper, the former will be referred to as PI
Doppler and the latter will be referred to as RF pulse
inversion.
PI Doppler
In conventional Doppler, multiple pulses are trans-
mitted along the same beam at a fixed pulse re-
petition frequency (PRF), and the pulse-to-pulse
changes in the received echoes are used to esti-
mate the movement of the imaged target. Echoes
from fast moving objects (such as blood cells) will
have higher Doppler frequencies, and echoes from
slow moving or static objects (such as tissue around
vessels) will have lower Doppler frequencies. Thus,
high-pass filtering can be performed in the Doppler
frequency domain to filter out Doppler signals from
slow moving or static objects. This filter is usually
referred to as a clutter filter or wall filter. However,
the efficacy of the clutter filter is limited, especially
if the surrounding tissues move at a similar velocity
to blood flow. One example is the case of micro-
perfusion, where the flow signal in the capillary and
the surrounding tissue signal overlap in Doppler
frequencies. As a result of the spectral overlap, the
flowing blood and the tissue cannot be separated
by any filtering. PI Doppler has, therefore, been
proposed to overcome this problem [23,24]. In PI
Doppler, the pulse sequence is similar to that in con-
ventional Doppler, except that every second trans-
mit pulse is inverted. In other words, a pulse-to-
pulse 180° modulation of the linear echo is applied.
Consequently, a PRF/2 Doppler shift is added into
the linear echo while the even-order harmonics are
not affected. Hence, the second harmonic signal can
be effectively separated from the linear signal in
Doppler frequencies when PI Doppler is applied.
Doppler spectra of the linear signal and the second
harmonic signal are illustrated in Fig. 6. It is assumed
that a static target, which produces both the linear
and the second harmonic echoes, is being detected.
In other words, there is no Doppler shift in this case.
In the upper panel, a conventional Doppler tech-
nique is used. Note that the spectra of the linear
signal and the second harmonic signal signifi-
cantly overlap at low Doppler frequencies (center
at zero frequency). When PI Doppler is adopted, the
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Fig. 6. Doppler spectra for both linear signal and second
harmonic signal. Upper panel: without pulse inversion. Lower
panel: with pulse inversion. PRF = pulse repetition frequency.
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spectral overlap between the two signals can be
eliminated. As shown in the lower panel, the linear
component is shifted to higher frequencies (center
at ±PRF/2) with the PI technique. Therefore, sep-
aration of the linear signal and the second harmonic
signal can be efficiently implemented by filtering.
In human tissues, it is noticeable that the linear
component dominates the response. Hence, most
of the tissue Doppler signals will be at higher fre-
quencies in the PI Doppler spectra. On the contrary,
the blood signal can be highly nonlinear when
UCAs are present in the blood pool. In other words,
significant second harmonic signals from the blood
flow will remain at low Doppler frequencies. There-
fore, PI Doppler can be used to distinguish the
perfusion region from the surrounding tissue by
separating them in the Doppler frequency domain.
Clinical success of PI Doppler in perfusion imaging
has been reported recently [25]. Although the de-
tection of UCAs is significantly improved by using
the PI Doppler technique, the frame rate is reduced
since the Doppler estimation must be performed
with the responses from multiple transmissions. In
addition, the flash artifact associated with color
Doppler imaging can also be a problem. Tissue har-
monic signals in the background may further limit
PI Doppler detection.
RF pulse inversion
In the case of RF pulse inversion, two transmissions
are required for each acoustic beam line. After a
pulse is transmitted in the first firing, the same pulse
is inverted and transmitted again in the second
firing. The echoes in both firings are summed to-
gether to obtain a beam [26–28]. A schematic dia-
gram of the RF pulse inversion system is shown in
Fig. 7. Since the harmonic signal is usually modeled
as the power of the fundamental signal x(t), the
received echo can be expressed as:
y+(t) = a1x(t) + a2x
2(t) + a3x
3(t) + ... (1)
where a1x(t) represents the linear signal, a2x
2(t)
the second harmonic signal, and a3x
3(t) the third
harmonic signal. Note that the fundamental signal
changes from x(t) to –x(t) when the transmit pulse
is inverted. Therefore, the echo of the inverted firing
will be:
y–(t) = –a1x(t) + a2x
2(t) – a3x
3(t) + ... (2)
When the two echoes are summed together, only
even-order harmonics remain:
ysum(t) = y+(t) + y–(t)
ysum(t) = 2a2x
2(t) + ... (3)
As shown in equation (3), RF pulse inversion can
be used to extract the second harmonic signal
without interference from any linear signal. In other
words, potential spectral leakage in ultrasonic non-
linear imaging may be avoided with the PI technique.
In addition, the signal amplitude doubles in the
PI sum while the noise level in the sum decreases
with a factor of 3–2. Thus, a higher signal-to-noise
ratio is expected with the PI technique. Other two-
fT/R switch Line bufferBeam ormer +
Positive Negative
PRI
Fig. 7. Block diagram of a radiofrequency pulse inversion
system. T/R switch = transmit/receive switch; PRI = pulse
repetition interval.
Transducer
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pulse approaches use the amplitude modulation
(AM) [29] or a combination of AM and PI technique
(PIAM) [30]. They achieve a similar cancellation of
the linear echoes and preserve some of the odd-
order harmonics.
The RF pulse inversion technique can be ex-
tended to use more than two pulses. For example,
echoes of a phase-coded pulse sequence can be
summed to extract the desired harmonic signal [31].
Another approach is based on modeling each of the
received echoes as a polynomial of the correspond-
ing transmits. A least squares solution is used to
estimate nonlinear components from the received
echoes [32]:
(4)
where the received echo si(t) is assumed to be the
power combination of the complex transmit pulse
bi and the basis waveform of the nonlinear compo-
nent q(t). By transmitting I pulses with different
phases and magnitudes, the harmonic signal array
x(t) can be estimated from the received signal s(t)
and the complex pulse matrix B. A similar approach
is the contrast pulse sequence, in which echoes from
several coded transmissions are combined to extract
the third-harmonic signal within the fundamental
band [33].
In the following sections, we will focus on the
RF pulse inversion technique and its effects on both
tissue harmonic imaging and contrast imaging.
Tissue Imaging: Harmonic Leakage
Suppression with the PI Technique
In conventional tissue harmonic imaging where
the signal is extracted from the received echoes
using filtering, spectral leakage of the linear signal
to the harmonic band is inevitable, especially when
a wideband pulse is used for better axial resolution.
Spectral leakage was first considered for contrast
harmonic imaging [34]. When the impinging sound
wave is near the resonance frequency of the UCAs,
the backscattered signal produced by the UCAs
at the second harmonic frequency can be several
orders of magnitude stronger than the correspond-
ing tissue harmonic signal.
However, image contrast may be reduced in the
presence of spectral leakage because the second
harmonic signal from surrounding tissue is now
increased by these leakage signals. In fact, not only
contrast harmonic imaging but also tissue har-
monic imaging suffers from potential contrast loss
in the presence of spectral leakage [18]. With fil-
tering, the harmonic signal present at a particular
imaging depth consists of two components. One is
the tissue harmonic signal generated through non-
linear propagation, and the second is the spectral
leakage signal produced by the imaging system
prior to acoustic propagation. The leakage signals
are independent of the nonlinear characteristics
of the propagation medium, and produce acoustic
beams with different characteristics that may sig-
nificantly degrade image quality.
The amount of leakage signal significantly
depends on the spectral contents of the transmit
waveform. For example, the Gaussian pulse has a
very band-limited spectrum because of its smooth
envelope. Therefore, the leakage signal can be
minimized for the Gaussian pulse. Nevertheless,
generation of such a transmit waveform is relatively
complicated. Typically, a digital waveform buffer
and a digital-to-analog converter are required. On
the contrary, a gated square wave can be easily
synthesized using digital circuits. However, signi-
ficant harmonic amplitude is present as a result of
the sharp transition in the uniform envelope. Fig.
8 shows the Gaussian pulse and the gated square
wave in the upper panel. For both waveforms, the
center frequency is 2 MHz with a –6 dB 50%
fractional bandwidth. The lower panel shows spec-
tra of the convolution of both transmit waveforms
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J Med Ultrasound 2005 • Vol 13 • No 110
with a transducer’s frequency response (3 MHz
Gaussian with a –6 dB 80% fractional bandwidth).
As seen in the spectra, it is clear that the gated
square wave may suffer from more severe spectral
leakage. In Fig. 9, simulated second harmonic beam
patterns of the two transmit waveforms at the
transmit focus are shown to illustrate their dif-
ferences in image contrast. The solid line is for the
beam pattern of the Gaussian pulse with 50%
bandwidth, and the dashed line is for the gated
square wave with 50% bandwidth. Fig. 9 demon-
strates clearly that the Gaussian envelope produces
significantly lower sidelobes and, thus, produces
better image contrast. In addition, for a given type
of waveform, the bandwidth also affects the amount
of spectral leakage. Waveforms with smaller band-
widths suffer from less spectral leakage and, thus,
produce lower sidelobes. This is also shown in Fig.
9 by comparing the solid line (Gaussian pulse with
50% bandwidth) with the dotted line (Gaussian
pulse with 25% bandwidth). Although a smaller
bandwidth provides lower sidelobes, one drawback
is the degraded axial resolution. In other words, a
tradeoff exists between axial resolution and image
contrast in tissue harmonic imaging with conven-
tional filtering.
Compared to the filtering method, the PI tech-
nique can provide better axial and image contrast
at the same time. In PI-based tissue harmonic
imaging, the echoes from a pair of inverted trans-
missions are summed to obtain a beam. Since the
spectral leakage can be efficiently removed in the
PI sum, the transmit waveform with wide band-
width no longer degrades the contrast resolution in
tissue harmonic imaging. In other words, the axial
resolution can be improved without sacrificing con-
trast resolution when a shorter pulse is transmitted.
In Fig. 9, a simulated harmonic beam with the PI
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Fig. 8. Waveforms (upper panel) and spectra (lower panel)
of Gaussian pulse (solid line) and gated square wave (dashed
line). Center frequency is 2 MHz and fractional bandwidth
is 50%.
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technique is also depicted. The transmit waveform
is the gated square wave with 50% bandwidth. As
compared to its counterpart with conventional fil-
tering (dashed line), the beam pattern with the PI
technique (dot-dashed line) has much lower side-
lobes. Therefore, the PI technique effectively im-
proves image contrast by reducing sidelobe levels.
In addition, it is also noticeable that the square
wave with the PI technique provides even lower
sidelobes than the Gaussian pulses with filtering.
Thus, the complexity of the transmit system can be
reduced with the PI technique because a simple
square waveform is now capable of providing suf-
ficient image contrast.
Contrast Imaging: Improved Contrast
Detection with the PI Technique
The PI technique also helps to enhance UCA de-
tection. PI-based methods provide significant im-
provement in contrast detection by imaging the
nonlinearly-generated fundamental signals from
microbubbles [30–33,35]. There are several advan-
tages for imaging the nonlinear fundamental sig-
nal. First, the passband of the transducer can be
fully utilized, enabling the use of broadband trans-
mit pulses for better axial resolution. Second, the
transmit and receive passbands can both be around
the transducer’s center frequency, thereby improv-
ing the sensitivity. In addition, unlike in harmonic
imaging where the transmit signal is limited to the
lower frequency portion of the transducer’s pass-
band, the higher transmit center frequencies in PI-
based methods result in less microbubble destruc-
tion, since the bubble’s rupture is more evident at
low frequencies [36].
One example of PI-based contrast detection
methods is the PI fundamental imaging technique
[35]. PI fundamental imaging is based on the ob-
servation that the fundamental tissue signal in the
PI sum is cancelled out, whereas the fundamental
contrast signal is not completely cancelled because
the reaction of the bubbles under compression is
different from that under rarefaction. In other words,
the power model in equation (1), although it works
for tissue signals, does not provide an adequate
description of the nonlinear bubble response. For
example, the positive and negative echoes change
from inverted to time-shifted versions of each other
as the driving amplitude increases [37]. Besides, a
spectral shift was also observed between the center
frequencies of the positive echo and the negative
echo [38]. When the positive and negative echoes
from bubbles are time-shifted and frequency-shifted,
uncancelled fundamental signal remains in the PI
sum. The PI fundamental signal can be simulated
by numerically solving the shell oscillation of a
bubble, which can be modeled by the Rayleigh-
Plesset equation. The Rayleigh-Plesset equation re-
lates the shell motion with the shell elastic properties
and the acoustic pressure [39]. The basic form of
the Rayleigh-Plesset equation is:
(5)
where R is the instantaneous bubble radius and
l is the density of the surrounding liquid. R˙ and R¨
are the first and second derivatives of the radius
with respect to time, respectively. PL is the liquid
pressure at the shell and P' is the driving pressure.
Fig. 10 shows the simulated spectra of a Sonazoid®
microbubble. In the simulation, the radius of the
bubble is 2 μm, the shear modulus of the shell is
Fig. 10. Simulated bubble spectra with and without pulse
inversion.
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50 MPa, and the shell viscosity is 0.8 Pa.s [37]. The
driving waveform is 3 cycles of a gated 2.5-MHz
sinusoid with Hanning windowing. The ampli-
tude of the waveform is 300 kPa. Note that in Fig.
10, significant signals remain in both the second
harmonic band and the fundamental band even
when the PI technique is applied. By imaging the
residual fundamental signal in the PI sum, the
contrast-to-tissue ratio (CTR) can be enhanced, since
the tissue does not generate the PI fundamental
signal. Hence, the perfusion region with UCAs can
be separated from the background tissue.
Fig. 11 shows the experimental B-mode images
of a gelatin-based ultrasonic phantom with Levovist®
(Schering AG, Berlin, Germany) microbubbles in a
tabular void. The left panel shows the conventional
fundamental image, the middle panel is the con-
ventional second harmonic image, and the right
panel shows the PI fundamental image. In the left
panel, the CTR of the conventional fundamental
image is too low to accurately outline the contrast
region from the background. Similar difficulty exists
in the harmonic image due to the presence of the
tissue harmonic signal from the surrounding tissue-
mimicking medium. The circular contrast region
becomes much more visible in the right panel,
demonstrating that the background signal is sig-
nificantly suppressed in the PI sum and this region
is dominated by noise. The CTR values are estimated
using mean intensities of the background and the
contrast regions indicated by the two boxes in
each B-mode image. The CTRs are 17 dB, 19 dB
and 37 dB in the left, middle and right panels,
respectively, indicating that improvements of 20
dB and 18 dB are obtained over the conventional
fundamental and harmonic imaging techniques,
respectively, when applying the PI technique in
this case. Although the PI fundamental technique
is based on the uncancelled fundamental signal, it
is still a nonlinear imaging modality since the re-
maining fundamental signal comes from the non-
linear behavior of the bubbles.
To further enhance contrast detection in PI fun-
damental imaging, the AM can be included [30].
In the PIAM method, the amplitude of the negative
transmission is half of the positive amplitude. The
received negative echo is then amplified by a fac-
tor of 2 to cancel the linear signal in the PI sum.
The PIAM method improves CTR by preserving
some of the odd-order harmonics from bubbles in
the PI sum. Since the harmonic generation can be
modeled as the spectral autoconvolution of a band-
limited signal, odd-order harmonics fold back into
the transducer’s passband and can be effectively
detected. In addition, the odd-order harmonics from
tissue background can be significantly suppressed
by operating the PIAM method in low acoustic
power.
Limitations of the PI Technique:
Motion Artifacts
Although PI-based imaging methods significantly
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Fig. 11. B-mode images of a gelatin-based ultrasonic phantom with Levovist® microbubbles in a tabular void [35]. Left
panel: conventional fundamental image. Middle panel: conventional harmonic image. Right panel: PI-based fundamental image.
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Fig. 12. Simulated signal intensities as a function of axial
motion [40].
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improve image contrast in ultrasonic nonlinear im-
aging, their limitations should be considered. Note
that two transmissions are required for each beam
with the RF pulse inversion technique. Thus, the
data acquisition time doubles compared to that
with conventional filtering. In other words, tempo-
ral resolution (i.e. frame rate) decreases to half. This
may pose severe problems in providing dynamic
information on fast-moving structures. In addition
to the reduced frame rate, motion artifacts may also
cause performance loss. In clinical situations, motion
artifacts result from the relative movement between
the probe and the imaged tissue during the two
firings. With motion, the linearly propagating signal
is not completely cancelled. In the case of tissue
imaging, both the fundamental signal and the spectral
leakage remain in the PI sum. Thus, two perform-
ance issues should be considered for the motion
artifacts in PI-based tissue harmonic imaging. One
is the harmonic signal intensity relative to the fun-
damental intensity, and the other is the potential
image quality degradation resulting from spectral
leakage [40]. Fig. 12 shows the effects of tissue
motion on signal intensities by simulation when
only axial motion is considered. The horizontal axis
in Fig. 12 is the axial displacement of a point tar-
get between two firings normalized to the wave-
length at the fundamental frequency (h). With no
displacement, Fig. 12 shows that the PI harmonic
signal (dotted line) is at its maximum while the
fundamental intensity (solid line) is zero. In clinical
applications, tissue motion is most pronounced for
cardiac imaging. Based on the typical frequency
(1.5–3.5 MHz), myocardial velocity [41] and pulse
repetition interval (200–300 μs) used in cardiac
imaging, the corresponding displacement could
be up to h/8. In this range, the PI harmonic signal
monotonically decreases and the fundamental sig-
nal monotonically increases. Since the fundamental
signal is much stronger than the harmonic signal,
the fundamental intensity in the PI sum would be-
come larger than the harmonic intensity, even when
the displacement is small. As shown in Fig. 12, the
fundamental signal becomes dominant in the sum
signal when the displacement is only 0.02h. In other
words, filtering is still required to remove the fun-
damental signal even though the PI technique was
originally developed to cancel the linear signal with-
out the need for filtering.
Not only the fundamental signal but also all
linear propagating signals increase in the presence
of tissue motion, i.e. the spectral leakage signal is
also not cancelled in the sum. The leakage signal
will interfere with the tissue harmonic signal and
degrade image contrast. Fig. 13 shows spectra and
tissue harmonic images of an anechoic cyst with a
1.5-MHz transmit frequency. In Fig.13A, spectra of
the first scan line are shown and the corresponding
B-scan images are illustrated in Fig. 13B. The tissue
displacements between the positive pulse and the
negative pulse are 0 mm, 0.01 mm and 0.03 mm
in the left, middle and right panels, respectively.
Spectral leakage is indicated by the elevated fun-
damental signal level. It is also shown that the an-
echoic cyst is more contaminated by the leakage
harmonic signal when the displacement increases.
This agrees well with the increase in spectral leakage.
In comparison with that in tissue harmonic im-
aging, motion artifacts in PI-based contrast imaging
are even more pronounced. PI-based contrast de-
tection takes advantage of the nonlinear funda-
mental signal from microbubbles to detect UCAs.
However, the fundamental signal from the tissue
background is strong, so that a small motion may
result in a significant uncancelled fundamental sig-
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Fig. 14. (A) PI fundamental images for axial displacements of 0 mm, 0.015 mm and 0.03 mm [35]. (B) Contrast-
to-tissue ratio improvement as a function of axial displacement.
nal from the tissue background. In Fig. 14A, PI
fundamental images of Levovist® microbubbles as-
sociated with different axial motions are shown. The
displacements between the positive and negative
pulses were 0.015 mm and 0.03 mm, corresponding
to velocities of 5 cm/s and 10 cm/s for the pulse
repetition interval of 300 μs. It can be seen in
the figure that the background intensity increases
with tissue motion. The CTR improvement as a
function of tissue displacement is plotted in Fig.
14B, which demonstrates that the CTR is highly
sensitive to tissue motion (decreasing by 17 dB from
no motion to a 0.015-mm displacement). Hence,
motion compensation is essential for PI-based con-
trast detection when the fundamental signal is used
for imaging.
Motion artifacts are even more severe when
more firings are used to extract harmonic signals
for each beam line. For example, the phase-coded
pulse sequence with three pulses can be used to
extract the third harmonic signal. In this case, phases
of the pulses are 0°, 120° and 240°, respectively
[31]. Because the time needed for each sum signal
increases, the multiple-firing scheme is more suscep-
tible to motion. A simple scheme may be employed
to correct for the motion artifacts. A correlation-
based time shift estimator may be adopted to
estimate and compensate for the phase difference
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introduced by the motion between the positive
echo and the negative echo [42]. Nevertheless, it
has been shown that the correction scheme effec-
tively removes motion artifacts only when the axial
motion is considered, and little improvement is
obtained with lateral motion correction [40]. This
is because the simple correlation-based method only
accounts for axial motion. Since the 1-dimensional
correlation-based method generally does not esti-
mate lateral motion, 2-dimensional motion correc-
tion is required.
Note that the PI Doppler technique does not
directly suffer from the aforementioned intensity
variation and contrast degradation. This is due to
the fact that the positive echo and the negative echo
are not summed together to obtain the harmonic
signal. Instead, a clutter filter is applied to the Dop-
pler signal.
Concluding Remarks
In ultrasonic nonlinear imaging, the PI technique
plays an effective role in improving image quality.
By applying the PI technique to either the Doppler
domain or the RF domain, interference from the
linear signal can be avoided and, thus, more diag-
nostic information can be provided. PI Doppler
takes advantage of interleaved positive and nega-
tive firings in the Doppler estimation to separate
the nonlinear Doppler signal from the linear Dop-
pler signal. On the other hand, echoes from a pair
of inverted transmits are summed to cancel the
linear signal in the RF pulse inversion technique. In
this review paper, the efficacy and limitations of the
PI technique have been discussed in detail.
In tissue harmonic imaging, image contrast is de-
graded when significant spectral leakage is pre-
sent in the harmonic band prior to the nonlinear
generation of the tissue harmonic signal. Compared
to conventional filtering, the tradeoff between im-
age contrast and axial resolution is eliminated by
canceling the spectral leakage in the PI sum. Fur-
thermore, the signal-to-noise ratio is also improved
because the tissue harmonic signals in both firings
are summed coherently, resulting in enhanced signal
intensity.
In contrast imaging, the PI technique helps to
detect UCAs on the basis of the nonlinear charac-
teristics of the microbubbles. In the case of PI Dop-
pler detection, the contrast agents can be success-
fully distinguished from the linear background in
the Doppler frequency domain. Nevertheless, flash
artifacts and frame rate reduction can be problem-
atic. In addition, tissue harmonic signals in the back-
ground may further limit PI Doppler detection. The
B-mode PI-based contrast imaging methods are
also illustrated. For example, the CTR in PI funda-
mental imaging is improved based on the obser-
vation that the fundamental signal in the PI sum
is not completely cancelled for UCAs. By imaging
the fundamental residual signal in the PI sum, a
higher CTR is obtained in comparison with that in
conventional fundamental imaging or second har-
monic imaging.
When the imaged tissue moves during the PI
firings, potential motion artifacts should be con-
sidered. It is shown that the tissue harmonic signal
is highly susceptible to tissue motion, and the lin-
ear signal increases with motion. Motion artifacts
also degrade the image contrast in tissue harmonic
imaging because the leakage signal is not can-
celled in the PI sum due to motion. Compared to
that in tissue harmonic imaging, motion artifacts
become even more pronounced in PI-based contrast
imaging because the tissue fundamental signal in
the background is much stronger. Thus, motion
estimation and compensation should be included in
PI-based imaging.
PI-related studies are still active. PI technique in
high frequency applications for detecting submicron
bubbles has recently been reported [43]. In this
case, separation of the bubbles from the surround-
ing tissue is improved since the significant spectral
overlap between the transmit signal and the sub-
harmonic echoes from the microbubbles is sup-
pressed in the PI sum. It has also been reported
that coded transmit has potential to further improve
contrast detection in PI fundamental imaging [44,
45].
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